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Abstract 

Background: In clinical and experimental settings, antibody-based anti-CD20/rituximab and small molecule 
proteasome inhibitor (PI) bortezomib (BTZ) treatment proved effective modalities for B cell depletion in 
lymphoproliferative disorders as well as autoimmune diseases. However, the chronic nature of these diseases 
requires either prolonged or re-treatment, often with acquired resistance as a consequence. 

Methods: Here we studied the molecular basis of acquired resistance to BTZ in JY human B lymphoblastic cells 
following prolonged exposure to this drug and examined possibilities to overcome resistance by next generation 
Pis and anti-CD20/rituximab-mediated complement-dependent cytotoxicity (CDC). 

Results: Characterization of BTZ-resistant JY/BTZ cells compared to parental JY/WT cells revealed the following 
features: (a) 10-12 fold resistance to BTZ associated with the acquisition of a mutation in the PSMB5 gene 
(encoding the constitutive (35 proteasome subunit) introducing an amino acid substitution (Met45lle) in the 
BTZ-binding pocket, (b) a significant 2-4 fold increase in the mRNA and protein levels of the constitutive (35 
proteasome subunit along with unaltered immunoproteasome expression, (c) full sensitivity to the irreversible 
epoxyketone-based Pis carfilzomib and (to a lesser extent) the immunoproteasome inhibitor ONX 0914. Finally, in 
association with impaired ubiquitination and attenuated breakdown of CD20, JY/BTZ cells harbored a net 3-fold 
increase in CD20 cell surface expression, which was functionally implicated in conferring a significantly increased 
anti-CD20/rituximab-mediated CDC. 

Conclusions: These results demonstrate that acquired resistance to BTZ in B cells can be overcome by next 
generation Pis and by anti-CD20/rituximab-induced CDC, thereby paving the way for salvage therapy in 
BTZ-resistant disease. 

Keywords: Proteasome inhibitors, Anti-CD20/rituximab therapy, B cells, Autoimmune disorders, Resistance 



* Correspondence: g.jansen@vumc.nl 

department of Rheumatology, VU University Medical Center, Amsterdam, 
The Netherlands 

Full list of author information is available at the end of the article 

O© 2013 Verbrugge et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the 
BiolVlGCl C6ntr3l Creative Commons Attribution License (http://creativecommons.0rg/licenses/by/2.O), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 



Verbrugge et al. Experimental Hematology & Oncology 2013, 2:2 
http://www.ehoonline.Org/content/2/1/2 



Page 2 of 12 



Background 

Since the initial approval of rituximab, a monoclonal 
antibody against CD20, in 1997, it has become the 
cornerstone in the treatment of B cell lymphoprolifera- 
tive diseases [1]. Additionally, B cells play a pivotal role 
in the pathogenesis of inflammatory autoimmune disor- 
ders such as rheumatoid arthritis (RA) and systemic 
lupus erythematosus (SLE), for which reason over the 
past decade rituximab has been added as B cell depleting 
therapy of auto-immune diseases [2-6]. However, it is 
well recognized that a considerable number of patients 
are either primary resistant to rituximab, or experience a 
limited period of response [5,7]. The efficacy of rituxi- 
mab is associated with proficient CD20 expression on 
the surface of B cells, and indeed, acquisition of rituxi- 
mab resistance appears to be correlated with down- 
regulation of CD20 [8,9]. Therefore, there is an urgent 
need for new therapeutic modalities. Beyond immuno- 
therapy approaches, small molecule targeting of B-cells 
has been achieved with proteasome inhibitors (Pis) such 
as bortezomib (BTZ) [10]. Bortezomib-induced apop- 
tosis and cell death has been reported for a large panel 
of human B cell lines, including those resistant to rituxi- 
mab therapy [11-13]. Accordingly, a clinical effect of 
BTZ in B cell driven diseases has been found. BTZ is 
highly effective in inducing plasma cell death, thus, is 
now being implemented both in first line and relapsed 
and refractory multiple myeloma (MM) [14]. BTZ has 
also shown clinical efficacy in Mantle Cell Lymphoma 
[15] and Waldenstrom's Macroglobulinemia [16], the lat- 
ter also in combination with rituximab [17], indicating 
its effectivity in inducing cell death in earlier stages of B- 
cell development. In the autoimmune disease setting, 
clinical studies with Pis are far less advanced, although 
in pre-clinical studies, PI therapy demonstrated promis- 
ing results as anti-arthritic treatment strategy, also by B 
cell depletion [18-22]. 

One hypothesis for proficient B cell targeting by Pis is 
that their substantial turnover and secretion of proteins 
renders these cells highly susceptible to interference in 
protein homeostasis, in particular following inhibition of 
the ubiquitin proteasome system (UPS) [23]. The UPS is 
the master regulator of cellular homeostasis by mediating 
ubiquitination and degradation of proteins that control 
apoptosis induction, and also mediate pro- inflammatory 
cytokine production via NFkB activation [24-26]. Most 
mammalian cells express constitutive proteasomes which 
harbor the (35 subunit (PSMB5), the (31 subunit (PSMB6) 
and the (32 subunit (PSMB7) and cleave proteins (or long 
peptides) after hydrophobic, acidic, and basic amino acid 
residues, respectively [27,28]. After stimulation with IFN-y 
and/or TNF-a, these constitutive proteasome subunits are 
replaced by immunoproteasome subunits: (35i (LMP7), (3li 
(LMP2), and |32i (MECL1) [29]. These proteasome entities 



are part of the immunoproteasome, which is mainly 
expressed in cells of hematological origin and can gener- 
ate a distinct peptide repertoire for MHC-class I presenta- 
tion [30]. As a first generation PI, Bortezomib targets both 
constitutive and/or immunoproteasome subunits via a re- 
versible binding to the proteasome, however, nowadays 
several next-generation Pis have been rationally designed 
and tested, harboring the capacity to specifically target the 
constitutive and/or immunoproteasome subunits through 
irreversible binding [23,28,29,31-35]. 

Given the chronic nature of autoimmune- related dis- 
eases, with patients facing long-term treatment, it is 
anticipated that PI treatment may also be accompanied 
by loss of treatment efficacy/onset of drug resistance 
over time (Kumar et al, 2012), as has been described in 
extensively-treated MM patients [36,37]. We, as well as 
others, have described the development of resistance to 
BTZ in several models of hematological cancer cells, in- 
cluding T-cells, myeloid cells, and plasma cells [38-41]. 
For both benign and neoplastic B cells, however, the 
long term effects of BTZ exposure are largely unex- 
plored and deserve further investigation. 

In this study, we investigated the long-term effects of B- 
cell exposure to BTZ and onset of resistance to BTZ using 
EBV-transformed JY lymphoblast cells as a benign auto- 
immune disorder in vitro B-cell model. Beyond character- 
izing the molecular basis of resistance to BTZ in JY cells, 
we report two modalities to overcome BTZ resistance 
in B cells; (a) by next-generation epoxyketone-based irre- 
versible Pis, and (b) by enhanced rituximab-mediated 
complement-dependent cytotoxicity (CDC), exploiting 
the upregulated cell surface expression of CD20 in BTZ- 
resistant JY cells. 

Results 

Acquisition of bortezomib resistance and cross-resistance 
to other proteasome inhibitors 

The human JY B cell line was used as a model to examine 
the cellular effects of long-term exposure of B cells to 
BTZ, including the acquisition of BTZ resistance. Cell cul- 
tures were exposed to a low concentration of BTZ (ICi 0 : 
1.5 nM) which was gradually (stepwise) increased to 100 
nM of BTZ over a period of 6 months. JY cells stably 
growing in BTZ concentrations of 35nM (JY/35) and 
lOOnM (JY/100) were used for further characterization. 

Figure 1A shows the growth inhibition profiles of JY/ 
WT, JY/35 and JY/100 cells after 72 hrs treatment with 
BTZ, revealing a clear shift in drug concentrations caus- 
ing 50% cell growth inhibition (IC 50 value) in JY/35 and 
JY/100 cells. Figure IB shows a 10-fold and 12-fold BTZ 
resistance in JY/35 and JY/100 cells, respectively, com- 
pared to JY/WT cells. Cross-resistance to other prote- 
asome inhibitors (PI) was also determined in JY/35 and 
JY/100 cells; a low level of cross-resistance was found 
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Figure 1 Acquisition of bortezomib (BTZ) resistant JY cells and proteasome inhibitor cross-resistance profile. (A) Dose-response curve 
for BTZ-induced growth inhibition of JYANJ and BTZ-resistant variants JY/35BTZ and JY/100BTZ following 72 hours exposure to BTZ. Results 
represent the mean ± SD of 6 separate experiments. (B) Resistance factor for BTZ and cross- resistance factors to ONX 0914 (immunoproteasome 
inhibitor), MG-132, and carfilzomib. Cell growth inhibition was assessed after 72 hours incubation with Pis. (Cross) resistance factor represents the 
ratio of drug concentration required to inhibit cell growth of BTZ-resistant JY cells by 50% over 1Y/WT cells. Results are the mean ± SD of 3-5 
separate experiments. 



for the specific immunoproteasome inhibitor ONX 0914 
(resistance factor: 3.4 and 2.9, respectively) and the pan- 
proteasome inhibitor MG-132 (resistance factor: 2.3 and 
2.2, respectively). Remarkably, however, JY/35 and JY/ 
100 cells retained full sensitivity towards the next- 
generation irreversible PI, carfilzomib. 

Molecular alterations in BTZ-resistant JY cells 

We and others [38-41] have previously discovered a 
mechanism of BTZ resistance in various haematological 
cell lines. This mechanism included BTZ-induced single 
point mutations in the PSMB5 gene, as well as a selective 
overexpression of mutant PSMB5 protein [38,39,41]. Here, 
we tested whether this mechanism would also apply for 
BTZ-resistant JY cells. We first determined whether 
PSMB5 harbored any of the previously described muta- 
tions [38-41]. Indeed, in JY/35 cells as well as JY/100 cells, 
a single G to T nucleotide shift was identified at nucleo- 
tide position 311 in exon 2 of the PSMB5 gene (Additional 
file 1: Figure SI). In the mature and functional |35-subunit 
protein, this mutation introduced a Met to He substitution 
at amino acid 45. It is noteworthy that the mutation in 
PSMB5 in JY/35 and JY/100 cells is heterozygous, indicat- 
ing that these cells would still harbor one unaffected allele. 
We next determined the expression of the constitutive 
and immunoproteasome subunits at both mRNA and pro- 
tein levels (Figure 2). Compared to JY/WT cells, mRNA 
levels of the constitutive proteasome subunits, in particu- 
lar PSMB5 (|35) and PSMB7 (|32), were significantly 
increased (up to 4.5 fold) in JY/BTZ cells, whereas the in- 
crease in the mRNA of immunoproteasome subunits was 
much less pronounced (Figure 2A). Consistent with these 
data, protein levels of constitutive proteasome subunits 
were increased in BTZ-resistant JY cells (up to 2-fold), 



whereas the expression levels of immunoproteasome sub- 
units remained largely unaltered (Figure 2B-D). 

Surface molecules involved in antigen-presentation 

JY cells are efficient antigen-presenting cells [42] and we 
therefore examined whether or not BTZ selection would 
induce alterations in markers involved in antigen presen- 
tation. In fact, no significant changes were found in the 
cell surface expression of HLA-ABC (MHC-class I), 
HLA-DR (MHC-class II), and the co-stimulatory mole- 
cules CD80, CD86, and CD40 in JY/35 and JY/100 cells 
compared to JY/WT cells (Additional file 1: Figure S2). 
Further confirmation that BTZ selection had no impact 
on antigen presentation was provided by the observation 
that JY/WT and BTZ-resistant cells showed no differ- 
ence in their capacity to induce allogeneic T-cell prolif- 
eration (Additional file 1: Figure S3). Of note, short term 
(24 hr) incubations with maximal non-toxic concentra- 
tions of BTZ also did not affect their ability to induce 
proliferation of allo-T-cells (Additional file 1: Figure S3). 

Cytokine release capacity by BTZ-resistant JY cells 

Activated B cells are able to produce cytokines and conse- 
quently contribute to inflammation [43] or protective 
cytokine environments [44]. To this end, we examined the 
secretion profile of the prototypical pro- inflammatory 
cytokine TNF-a by activated JY cells and explored whether 
or not this profile is altered in JY/BTZ cells. Beyond basal 
secretion levels, we also assessed the impact of co- 
incubation with BTZ on TNF-a production. Upon activa- 
tion with PMA and ionomycin, JY cells produced TNF-a 
levels of 7000 ± 3700 pg/ml, which was diminished by 
20% in the presence of 10 nM BTZ (Figure 3). Basal levels 
of TNF-a production in JY/35 cells was approximately 
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Figure 2 Constitutive and immunoproteasome composition in JY cells and BTZ-resistant variants. (A) Relative mRNA levels of constitutive 
and immunoproteasome subunits in JY/WT and BTZ-resistant variants JY/35BTZ and JY/100BTZ. mRNA levels were normalized relative to 
(3-glucuronidase as house keeping gene. (B) Protein expression of constitutive and immunoproteasome subunits in JY/WT and BTZ-resistant 
variants JY/35BTZ and JY/100BTZ. (C) Relative protein expression of constitutive and immunoproteasome subunits in JY/WT and BTZ-resistant 
variants JY/35BTZ and JY/100BTZ. (D) Total constitutive and immunoproteasome subunit expression in JY/WT and BTZ-resistant variants 
JY/35BTZ and JY/1 OOBTZ. Results depicted are means ± SD of 3-5 separate experiments. *** p < 0.001, ** p < 0.01, * p < 0.05. 



half of JY/WT cells, and could be further suppressed in 
the presence of 35 nM BTZ. Strikingly, basal TNF-a pro- 
duction in JY/100 was markedly decreased to levels < 5% 
of JY/WT cells. Together, these results indicate that upon 
acquisition of BTZ resistance, JY cells are markedly sup- 
pressed in their capacity to secrete TNF-a. 

CD19 and CD20 expression in BTZ-resistant JY cells 

CD 19 and CD20 are prototypical B cell surface markers, 
and lost upon differentiation to plasma cells [2,3,45]. We 
examined whether or not induction of BTZ-resistance 
altered CD19 and/or CD20 expression levels in JY/BTZ 
cells. Flow cytometric analyses revealed a significant de- 
crease in CD19+ cells (55 ± 16%) in JY/WT cells to 14 ± 
11% in JY/100 cells (Figure 4A) along with a concomi- 
tant 3-fold decrease in CD 19 cell surface expression 
(Figure 4B). Interestingly, CD20 expression profiling was 
the inverse of CD19 in positive cells (Figure 4C), 
whereas CD20 cell surface expression was 2.8-fold 



higher in the resistant JY/100 cells than JY/WT cells 
(Figure 4D). 

Regulation of CD20 expression in BTZ-resistant JY cells 

Recently, it has been reported [46] that proteasome 
inhibition and ubiquitination of CD20 triggers its deg- 
radation and decreases its cell surface expression. Con- 
sistent with this notion, we observed that CD20 
expression was significantly decreased on JY/WT cells 
exposed for up to 48 hrs to 5 nM BTZ (Figure 5A). In 
comparison, no effect of BTZ treatment was observed 
for HLA-DR expression (Figure 5B). Unlike in JY/WT 
cells, treatment of JY/35 and JY/100 cells with BTZ (35 
nM and 100 nM BTZ, respectively) had no significant 
effect on CD20 expression (Figure 5A). In order to es- 
tablish whether protein ubiquitination status after short- 
term (24-48 hr) BTZ treatment is associated with 
down-regulation of CD20 expression in JY/WT cells and 
unaltered CD20 expression in JY/BTZ cells, Western 
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Figure 3 TNF-a release by JY/WT cells and BTZ-resistant variants JY/35BTZ and JY/1 00BTZ. Cells were activated for 24 hours with 10 ng/ 
ml PMA and 750 ng/ml lonomycin, in the absence or presence of the indicated concentration bortezomib. Results depicted are means ± SD of 3 
separate experiments. ** p < 0.01, * p < 0.05. 



blot analysis of total ubiquitinated proteins was per- 
formed with control and BTZ- exposed cells. Figure 5C 
shows a typical smear of (poly) ubiquitinated proteins 
when JY/WT cells were incubated with 10 nM BTZ for 
24 hrs. Conversely, no accumulation of ubiquitinated 



proteins were observed in JY/35 and JY/100 cells 
exposed to 35 nM and 100 nM BTZ, respectively. These 
results suggest that aberrant protein ubiquitination and 
degradation could be a contributing factor towards ele- 
vated levels of CD20 in BTZ-resistant JY cells. 
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Figure 4 Expression of B cell surface markers CD19 and CD20 on JY/WT cells and BTZ-resistant variants. (A) Percentage CD19-positive JY/W 
cells and BTZ-resistant variants. (B) Expression of CD1 9 in BTZ-resistant JY cells relative to JY/W cells. Results are depicted as relative Mean 
Fluorescence Index (MFI) and represent the mean ± SEM of 5 separate experiments. (C) Representative figure of CD19 expression in 1YANT cells and 
BTZ-resistant variants. Percentages and mean fluorescence intensity are indicated in the upper left quadrant. (D) Percentage CD20-positive JY/W cells 
and BTZ-resistant variants. (E) Expression of CD20 in BTC-resistant JY cells relative to JY/W cells. Results depicted are depicted as relative Mean 
Fluorescence Index (MFI) and represent the mean ± SEM of 9 separate experiments. (F) Representative figure of CD20 expression in JY/W cells and 
BTZ-resistant variants. Percentages and mean fluorescence intensity are indicated in the upper left quadrant. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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Figure 5 Effect of BTZ on CD20 (A) and HLA-DR (B) expression in JY/WT and BTZ-resistant JY cells. Short term incubations of 24 hours 
and 48 hours were performed with 5nM BTZ for JY/W, 35nM for JY/35BTZ cells and 100nM BTZ for JY/1 OOBTZ cells. Results depicted are means 
± SD of 3-4 separate experiments. * p < 0.05. (C) Western blot analysis of polyubiquitinated cellular proteins prior to and after 24 hours 
treatment of BTZ; JY/WT (± 10nM BTZ), JY/35 (± 35nM BTZ) and JY/1 00 (± 100nM BTZ). (3-Actin is displayed as a loading control. Western blot 
image is representative of 3 separate experiments. 



Increased sensitivity to anti-CD20/rituximab-mediated 
CDC in bortezomib-resistant JY cells 

To explore whether or not increased expression levels 
of CD20 in JY/1 00 cells is therapeutically relevant, 
we investigated its impact on anti-CD20/rituximab- 
induced complement-dependent cytotoxicity (CDC). In 
the presence of 5% baby rabbit serum [47] and over a 
broad range of rituximab concentrations, significantly 
increased CDC was noted for JY/100 cells as com- 
pared to JY/WT cells with a mean difference of 17% 
lysis (Figure 6). This increase was not associated with 
alterations in CD55 and/or CD59 expression levels be- 
tween JY/WT and JY/BTZ cells, two markers impli- 
cated in controlling CDC [9,46] (not shown). Together, 
these results suggest that increased expression levels 
of CD20 in JY/BTZ cells may be exploited as an alter- 
native therapy to combat BTZ resistance through 
rituximab-induced CDC. 
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Figure 6 Rituximab-induced CDC in JY/WT and BTZ-resistant 
JY cells. Cells were incubated with increasing concentrations 
anti-CD20/rituximab (range; 0.1 ug-50 ug/ml) and 5% baby 
rabbit complement serum. Cell viability (% lysis) was measured 
after 1 hour using propidium iodide (PI) staining and FACS 
analysis. Results depicted are means ± SD of 5-8 separate 
experiments. *** p < 0.001, ** p < 0.01. 
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Discussion 

The current study describes two ways to overcome 
acquired resistance to BTZ in JY human B cells: (a) anti- 
CD20/rituximab-mediated CDC, and (b) next generation 
epoxyketone-based irreversible Pis. 

B cell depleting therapies utilizing the anti-CD20/rituxi- 
mab antibody approach, as well as the small molecule 
approach with the proteasome inhibitor BTZ, have demon- 
strated clinical efficacy in the treatment of lymphoprolifera- 
tive disorders [1,10,23,48]. In the treatment of autoimmune 
diseases, rituximab also now has an accepted place [3-5,43], 
but BTZ or other Pis still await clinical evaluation. Ideally, 
based on their non-overlapping mechanisms of action, 
rituximab and bortezomib could potentially replace each 
other when development of resistance to one or the other 
occurred. In this context, it has been reported that 
rituximab-resistant B cells retain sensitivity for BTZ, but 
the reverse has not been demonstrated. In view of the need 
for chronic treatments in autoimmune diseases, there are 
concerns about the emergence of resistance [36], thus high- 
lighting the need to unravel underlying mechanisms of 
resistance, in order to design strategies to overcome 
acquired resistance. To address these issues, we provoked 
acquired resistance to BTZ in a human B cell line model 
and investigated its impact on rituximab sensitivity and 
next-generation Pis designed to overcome BTZ-resistance. 

Here we mimicked the onset of acquired BTZ resistance 
in human B cells using human JY lymphoblastic cells as 
benign autoimmune disorder in vitro model, by a classical 
approach of cell exposure to stepwise increasing concen- 
trations of BTZ (5 through 100 nM), representing 
clinically-achievable plasma levels [10,23]. Characterization 
of the BTZ-resistant JY cells (10-12 fold compared to WT 
cells) revealed the following main features: 1) acquisition of 
a point mutation in the PSMB5 gene (encoding for the 
constitutive (35 proteasome subunit) along with overex- 
pression of |35 subunit protein, 2) retention of sensitivity to 
epoxyketone-based Pis including carfilzomib, 3) an altered 
cytokine environment indicated by a marked reduction in 
the secretion of the inflammatory cytokine TNF-a, and 4) 
immunophenotypically, a significantly reduced expression 
of the B cell surface marker CD 19 and a concomitant in- 
crease in CD20 levels. 

BTZ-resistance associated with a single point mutation 
in PSMBS has been demonstrated by us and others for 
leukemia cell lines of lymphoid and myeloid origins, as 
well as solid tumor cell lines [38-41,49]. These mutations 
introduced amino acid alterations that clustered in crit- 
ical positions (Thr21, Met45, Ala49 and Cys52) in the 
BTZ binding pocket within the (35 subunit [41]. Based 
on data from the present study, it is revealing that be- 
yond hematological malignant cells, PSMBS mutations 
can also be identified in BTZ-resistant JY lymphoblastic 
cells. It is noteworthy that the mutation in PSMBS in 



JY/BTZ cells is heterozygous, indicating that cells still 
retained an intact WT allele. This may underlie a relatively 
lower level of BTZ resistance observed in JY/BTZ cells 
as compared to the substantially higher resistance levels 
(> 100-fold) noted in leukemic cells harboring homozy- 
gous mutations in PSMBS [38,41]. Notwithstanding this 
fact, expression levels of mutant (35 subunits were upregu- 
lated in JY/BTZ cells, likely as a compensatory mechanism 
to sustain basal proteasome activity. The Met45Ile substi- 
tution identified in BTZ-resistant JY cells consistently 
resided in the highly-conserved substrate/inhibitor-bind- 
ing domain of the |35 subunit. Met45 is well recognized to 
be essential for proteasome-substrate interactions, as well 
as for binding of the leucine boronic acid moiety (PI site) 
of BTZ [29,32,50]. In this context, it may be anticipated 
that replacement of the non-polar, spatially flexible Met45 
for another slightly more non-polar, bulkier, and more 
rigid amino acid as He, would affect optimal BTZ binding, 
thereby resulting in the conferring of drug resistance. 
From this perspective, it is intriguing to note that the 
Ala49 and Met45 mutations in the (35 subunit were also 
identified in marine bacteria as a self-protection mechan- 
ism against the natural PI, salinosporamide A, that they 
produce [51]. 

A major finding in the current study is that JY/BTZ cells 
harboring the Met45Ile mutation in the (35 subunit 
retained full sensitivity to carfilzomib, an epoxyketone- 
based PI. Previous studies from our laboratory also indi- 
cated that carfilzomib retained appreciable activity against 
BTZ-resistant leukemia [41,52] and solid tumor cell lines 
[23,35,49]; similar findings were observed with ONX 0912 
[53], an orally- bioavailable analog of carfilzomib which 
provokes irreversible binding via the epoxyketone group to 
the active site Thrl residue in the (35 subunit. This unique 
property, rather than reversible binding by boronate-based 
BTZ, may still facilitate inhibition of the catalytic activity in 
mutated (35, thereby resulting in retention of drug sensitiv- 
ity. Since levels of immunoproteasome subunits were 
largely unaltered and no mutations were observed in the 
(35i subunit in JY/BTZ cells, it may also explain the mar- 
ginal levels of cross-resistance that were observed for the 
immunoproteasome-specific inhibitor ONX 0914. In this 
context, it is worthwhile mentioning that recent crystal 
structure studies identified Met45 in |35i as a major deter- 
minant in the efficient docking of ONX 0914 to the cata- 
lytic binding site [29]. The Met45Ile mutation in the 
constitutive (35 subunit has apparently lesser consequences 
for ONX 0914 activity [20]. Together, constitutive and 
immunoproteasome targeted epoxyketone-based Pis like 
carfilzomib, currently evaluated in phase I-III clinical 
trials [54], as well as ONX 0914 may readily overcome 
BTZ-resistance. 

Besides antiproliferative effects, BTZ can also elicit po- 
tential anti-inflammatory effects by suppression of the 
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release of pro-inflammatory cytokines through inhibition 
of NF-kB activation [18-20,25,26]. In this respect, TNF-a 
has received the most attention as one of the critical 
cytokines in the pathophysiology of arthritis, and is thus 
a major druggable target for biological agents and small 
molecules [20-22,48]. Consistent with data from the 
Komano group [55], we noted that JY/WT cells could 
produce appreciable levels of TNF-a, which could be 
partially inhibited by BTZ. Of additional interest was the 
notion that alongside these short term effects, acquisi- 
tion of BTZ resistance in JY cells provoked a dramatic 
reduction in the basal levels of TNF-a production, being 
most pronounced in JY/100 cells. It remains to be estab- 
lished whether or not this effect is due to diminished re- 
sponse to activation stimuli, or aberrations in TNF-a 
secretion per se. In either case, prolonged BTZ exposure 
may elicit potential anti-inflammatory effects even when 
anti-proliferative effects are compromised. 

Acquisition of BTZ resistance in JY cells was associated 
with opposite impacts on cell surface expression of two 
common B-cell surface markers: down regulation of CD 19 
and upregulation of CD20. CD 19 is a transmembrane pro- 
tein and co-receptor molecule that modulates signals 
through the B cell antigen receptor (BCR) to control B 
cell-differentiation from pro/pre-B cells to resting pre-B 
cells in bone marrow. Consistently, CD19" 7 " mice have 
exhibited defects at stages of early B cell development 
and reduced levels of circulating B-cells, as reviewed in 
Del Nagro et al. [45]. It is yet unclear whether reduced 
CD19 levels in JY/BTZ cells would result in a B cell dif- 
ferentiation arrest; this should be subject for further 
studies using panels of B cell differentiation-restricted 
cell surface markers. 

CD20 serves as a Ca 2+ -permeable cation channel pro- 
tein expressed on B cells from immature to mature 
stages of differentiation, as recently reviewed by Thaunat 
et al. [2]. BTZ has been reported to induce disregulation 
of intracellular Ca 2+ , triggering caspase activation and 
initiating apoptosis [56]. It is unknown whether this off- 
target effect of BTZ alters CD20 function and expression 
during resistance development. Rather, recent studies 
have pointed to the role of the ubiquitin proteasome sys- 
tem in the regulation of CD20 expression, as rituximab- 
resistant lymphoma cells have displayed upregulated 
expression of proteasome subunits [8], and treating Raji 
human Burkitt lymphoma cells with BTZ for 24- 
48 hours has down-regulated CD20 expression [46]. In 
accordance with these studies, we now showed that 
impaired (poly) ubiquitination of proteins upon 24- 
48 hour BTZ treatment in resistant JY/BTZ cells attenu- 
ated degradation of CD20, resulting in a net 3-fold 
increase in CD20 expression in JY/100 cells and mark- 
edly enhanced rituximab-mediated CDC in JY/100 cells 
as compared to JY/WT cells. Based on the differential 



impact on CD20 expression in BTZ-sensitive and BTZ- 
resistant cells, one should take caution when considering 
combining rituximab and BTZ for B cell targeting; effi- 
cacy may only be realized in BTZ-resistant cells. More- 
over, the current findings for JY lymphoblastic cells 
should also await further corroboration for B-cell neo- 
plasms (e.g. mantle cell lymphoma) for which BTZ is a 
therapeutic option. Finally, it would be of additional fu- 
ture interest to explore whether aberrations in protein 
ubiquitination provoked by prolonged exposure to either 
BTZ or other types of Pis, may be instrumental to upre- 
gulated expression of other B cell surface markers that 
could elicit antibody-mediated CDC. 

Conclusions 

In conclusion, this study presented two novel strategies to 
overcome acquired resistance to BTZ in human B 
lymphoblastic cells: one is a small molecule approach with 
irreversible epoxyketone-based Pis, whereas the second 
relates to an immunological approach by anti-CD20/ritux- 
imab-mediated CDC, exploiting the upregulation of CD20 
in BTZ-resistant cells. This deserves further exploration in 
order to improve the clinical outcome in patients with 
bortezomib-resistant diseases. 

Methods 

Cell culture and development of BTZ-resistant cell lines 

The human EBV-transformed B -lymphoblastic cell line JY 
(ATCC) was cultured in IMDM-medium (PAA, The Cell 
Culture Company, PAA Laboratories GmbH, Germany) 
supplemented with 10% FCS, 1% p-mercaptoethanol, 1% 
penicillin, 1% streptomycin and 2 mM L-glutamine. BTZ- 
resistant JY cell lines were established by stepwise increas- 
ing concentrations of BTZ over a period of 6 months, 
starting at a BTZ concentration of 1.5 nM (ICi 0 concen- 
tration; establishing 10% cell growth inhibition compared 
to the untreated control) up to a concentration of 100 
nM. Cells stably growing in the presence of 35 nM (JY/35) 
and 100 nM BTZ (JY/100) were isolated after 3 months 
and 6 months of stepwise selection, respectively. Unless 
otherwise indicated, experiments were performed with 
cells cultured in drug-free medium for at least 4 days. 

Reagents / chemicals / antibodies 

Bortezomib (BTZ)/Velcade™ was provided by Millen- 
nium Pharmaceuticals (Cambridge, USA). Carfilzomib 
and ONX 0914 were generously provided by Onyx Phar- 
maceuticals, Inc. (South San Francisco, USA). MG132 
(Z-Leu-Leu-Leucinal) was purchased from Calbiochem/ 
Merck (Nottingham, UK). Phorbol-12-myristate 13- 
acetate (PMA) and ionomycin were from Sigma (St. 
Louis, MO, USA). 

Rituximab, a chimeric immunoglobulin Gl, was pur- 
chased from Roche (Roche Netherlands B.V., Woerden, 
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The Netherlands). Other antibodies were from the fol- 
lowing sources: ubiquitin: (P4D1, Santa Cruz Biotech- 
nology, sc-8017) and p-actin (C4, Santa Cruz, sc-47778) 
mouse monoclonal antibodies; goat-anti-mouse second- 
ary antibody conjugated to IRDye® 800CW (Odyssey; 
Ll-COR Biosciences, Nebraska, USA). 

Isolation of mRNA, cDNA synthesis, and quantitative 
RT-PCR 

Following RNA isolation with the RNeasy Mini kit 
(Qiagen), cDNA was synthesized using 0.75U/ul M-MLV 
reverse transcriptase (Invitrogen) in a RT buffer (Invitro- 
gen), containing 5 mM DTT (Invitrogen), 2 mM dNTP 
(Roche), pdN6 96ug/ml (Roche), and 2U/ulRNAsin (HT 
Biotechnology Ltd., Cambridge, UK). mRNA expression 
levels of proteasome subunits PSMB5 ((35), PSMB6 ((31), 
PSMB7 (p2), PSMB8 (E5i), PSMB9 (Eli), PSMB10 (E2i), 
and the endogenous housekeeping gene p-glucuronidase 
(GUS) as a reference, were quantified using real-time PCR 
analysis (Taqman) using an ABI Prism 7700 sequence de- 
tection system (PE Applied Biosystems, Nieuwerkerk a/d 
IJssel, The Netherlands) as described previously [41]. 
Briefly, for PSMB5, a Taqman gene expression assay was 
used according to the manufacturers' instructions 
(Hs00605652_ml, Applied Biosystems). All other primers 
and probes were designed using Primer Express software 
(Applied Biosystems) and are indicated in Additional file 1: 
Table SI. Probes were labeled with 5'-FAM and 3'-BHQl 
as a reporter. Real-time PCR was performed in a total 
reaction volume of 25 \A containing TaqMan buffer A 
(Applied Biosystems), 4 mM MgCl 2 , 0.25 mM of each 
dNTP (Amersham Pharmacia Biotech), and 1.25 U Ampli- 
Taq Gold DNA polymerase (Applied Biosystems). Samples 
were heated for 10 min at 95°C to activate the AmpliTaq 
Gold DNA polymerase and amplified during 40 cycles of 
15 s at 95°C and 60 s at 60°C. Relative mRNA expression 
levels of the target genes in each sample were calculated 
using the comparative cycle time (Ct) method. The Ct of 
the target gene was normalized to the GUS Ct value by 
subtracting the GUS Ct value from the target Ct value. 
The mRNA expression level for each target PCR relative to 
GUS was calculated using the following equation: mRNA 
expression = 2(Ct target-Ct GUS) x 100%. 

Proteasome constitutive-immuno subunit ELISA assay 
(ProCISE) 

The ProCISE assay for quantification of individual con- 
stitutive (p5, pi, p2) and immunoproteasome (p5i, pli, 
p2i) subunits was performed as previously described 
[33,34]. Expression of each c20S and i20S subunit in JY/ 
WT, JY/35, and JY/100 cells was examined after cells 
were cultured in the absence of BTZ for one week. Pel- 
lets of 10 x 10 6 -15 x 10 6 cells were washed three times 
with PBS, frozen on dry ice, thawed, then incubated in 



100 \iL of lysis buffer (20 mM Tris-HCl, pH 8.0, 5 mM 
EDTA) for 15 minutes on ice. Lysed pellets were micro- 
centrifuged (15 min, 14,000 rpm, 4°C), the supernatant 
collected, and protein content determined by BCA assay 
(Pierce), utilizing a BSA standard. Cell lysates were diluted 
in lysis buffer to 1 mg/mL, and then incubated with a pro- 
teasome active site probe (PABP; 5 \iM) for 2 hours at 
25°C. Samples were denatured with 8 M guanidine hydro- 
chloride (Fisher Scientific) and subunits bound to PABP 
were captured with streptavidin-conjugated sepharose 
beads (GE Healthcare) in 96-well 0.65 \im porous filter 
plates (Millipore). Individual subunits were probed with 
subunit-specific primary antibodies, followed by secondary 
antibodies conjugated to horseradish peroxidase (HRP). 
The SuperSignal ELISA Pico chemiluminescent substrate 
kit (Pierce) was utilized to generate luminescent signal 
associated with HRP binding. Luminescence after 5 min- 
utes of signal development was monitored on a plate 
reader (Tecan Safire). Subunit content was expressed as 
nanograms of subunit per microgram of total protein, as 
calculated from a standard curve of human purified con- 
stitutive or immunoproteasome, assayed simultaneously 
with the cell lysate samples. 

Cytokine release assay 

JY cells were seeded in 96-wells plates at a cell density of 5 
x 10 4 /200(il and stimulated with 10 ng/ml PMA (Sigma) 
and 750 ng/ml ionomycin (Sigma). After 24 hours, culture 
supernatants were collected and analyzed using the cyto- 
metric bead array (CBA) human inflammatory cytokines kit 
(BD Biosciences, San Jose, CA) according to the manufac- 
turers protocol. Quantitative measurements of TNF-a were 
performed using a FACSCalibur flow cytometer (Becton 
and Dickinson, San Jose, CA) with the CellQuest program. 

FACS analysis - immunophenotyping 

JY cells were immunophenotyped using FITC-, PE- and/or 
APC-conjugated monoclonal antibodies (Mabs) directed 
against: CD80 (1:10), CD86 (1:10), CD40 (1:10) HLA-ABC 
(1:25), HLA-DR (1:25), CD19 (1:10), and CD20 (1:10) (BD 
Biosciences, San Jose, CA) and CD54 (1:10) (Leinco Tech- 
nologies Inc., St. Louis, USA). In short, 3 x 10 4 - 8 x 10 4 
cells were washed with PBS supplemented with 0.1% BSA 
and 0.02% NaN 3 , and incubated with specific or corre- 
sponding isotype-matched control Mabs for 30 minutes at 
4°C. Cells were washed and analyzed with a FACSCalibur 
flow cytometer (Becton and Dickinson, San Jose, CA) using 
the Cell Quest program. Results were expressed as percen- 
tages of positive cells and the mean fluorescence index was 
calculated based on mean fluorescence intensities. 

Western blot analysis 

Accumulation of ubiquitinated proteins upon treatment 
with BTZ was determined by Western blot analysis as 
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described previously [38]. In short, 3 x 10 6 JY/WT, JY/ 
35 and JY/100 cells were incubated in 10 ml growth 
medium in the absence or presence of lOnM, 35nM and 
lOOnM BTZ, respectively. After 24 hours of incubation, 
cells were harvested and washed 3 times with ice-cold 
PBS at pH 7.4. Total cell lysates were prepared by resus- 
pending in 0.1 ml lysis buffer (Cell Signaling Technology) 
containing: 20% PIC (Protease Inhibitor Cocktail) and 
10% NaV0 4 . The suspension was sonicated (MSE sonica- 
tor, amplitude 7, for 3 x 5 seconds with 20-second 
time intervals at 4°C) and centrifuged in an Eppendorf 
micro-centrifuge (5 min, 12,000 rpm, 4°C). Protein con- 
tent of the supernatant was determined by the Bio-Rad 
Protein Assay using a bovine serum albumin (BSA) stand- 
ard. Protein aliquots (30 |ig) of total cell lysates were 
fractionated on a 4-20% TGX pre-cast gel (BioRad) con- 
taining SDS, and transferred onto a PVDF membrane. 
The membranes were pre-incubated for 1 hour in block- 
ing buffer (Rockland Immunochemicals Inc., Gilbertsville, 
PA, USA) to prevent non-specific antibody binding. After 
blocking, the membranes were incubated for 1 hour at 
room temperature with an ubiquitin-specific antibody 
(1:200). After 3 washing steps with Tris-buffered saline 
with 0.5% Tween, the membranes were incubated for 
1 hour with goat-anti-mouse secondary antibody conju- 
gated to IRDye ® 800CW (1:10000, Odyssey; Ll-COR- 
Biosciences, Nebraska, USA). Detection of antibody 
binding was obtained using the LI- COR Odyssey scanner 
(Biosciences) according to the manufacturers' instructions, 
and digital image acquisition and quantification was per- 
formed using the Odyssey infrared imaging system soft- 
ware (version 3.0.16, LI-COR Biosciences, Nebraska, 
USA). Expression of ubiquitinated proteins was detected 
using a mouse monoclonal antibody (1:200) as described 
above. (3-actin (1:1000 diluted antibody) was used as the 
control for equal loading. 

Complement-dependent cytotoxicity (R-CDC) assay 

JY cells (5 x 10 4 cells) were plated in triplicate in 96-well 
plates in IMDM medium with or without rituximab 
(concentrations ranging from 0.1 (ig-50 (ig/ml) and 5% 
baby rabbit complement serum (Cedarlane, Ontario, 
Canada). After 1 hour of incubation at 37°C, the num- 
bers of non-viable cells were determined after propidium 
iodide (PI) staining using flow cytometry. The percent- 
age of lysed (PI+) cells was calculated based on a total of 
1.2 x 10 4 measured events. Cell lysis in control condi- 
tions (without baby rabbit serum) was subtracted to ob- 
tain specific complement-dependent lysis. 

Statistical analysis 

For comparisons between groups, ANOVA and Students 
t-test were used. Differences were considered to be sig- 
nificant at p < 0.05. 



Additional file 



Additional file 1: Table SI. Overview of primer and probe sequences 
for PSMB6, PSMB7, PSMB8, PSMB9, PSMB10 and GUS. Primer design by 
Vector NTI (Invitrogen) software. Additional file 1: Figure SI. Analysis of 
PSMB5 gene mutations in BTZ-resistant JY cells. Sequencing of PSMB5 
gene exon 2 in JY/WT cells and in the BTZ-resistant JY cells: JY/35BTZ 
and JY/1 00 BTZ. Depicted is the single nucleotide shift (G— >T) at 
nucleotide position 31 1 in JY/35BTZ and JY/1 00BTZ along with the 
corresponding change in a single amino acid substitution (Met45lle) 
within the mature PSMB5/(35 protein JY wt: no mutation, JY/35: Met45lle, 
JY/100: Met45lle. Additional file 1: Figure S2. Expression of markers 
involved in antigen presentation in JY/WT and BTZ-resistant sublines. (A) 
H LA- ABC (MHC-I) expression, (B) HLA-DR (MHC-II) expression, (C) CD80 
expression, (D) CD86 expression, and (E) CD40 expression in JY/WT cells 
and BTZ-resistant JY cells analyzed by FACS. Results depicted are 
depicted as MFI over isotype control and represent the mean ± SD of 7- 
9 separate experiments. Additional file 1: Figure S3. Induction of 
allogeneic T-cell proliferation by JY/WT and BTZ-resistant JY cells. T cell 
stimulatory capacity of the short term treatment (24 hours) of BTZ JY/WT 
(± 10nM BTZ), JY/35 (± 35nM BTZ) and JY/100 (± 100nM BTZ). Results 
depicted are means ± SD of 4 separate experiments. 



Abbreviations 

BTZ: Bortezomib; TNF-a: Tumor Necrosis Factor- a; PI: Proteasome inhibitor; 
CDC: Complement-dependent cytotoxicity. 

Competing interests 

SEV: no competing interests to declare; MA: no competing interests to 
declare; YGA: no competing interests to declare; DN: no competing interests 
to declare; JM: no competing interests to declare; JC: no competing interests 
to declare; MV: no competing interests to declare; GLS: no competing 
interests to declare; GJP: no competing interests to declare; ETC.: employee 
of Onyx Pharmaceuticals; JLA: employee of Onyx Pharmaceuticals; CJK: is 
Vice President, Research, at Onyx Pharmaceuticals; SZ: no competing 
interests to declare; BACD: no competing interests to declare; WFL: no 
competing interests to declare; RJS: no competing interests to declare; TDG: 
no competing interests to declare; GJ: no competing interests to declare. 

Authors' contributions 

GJ was the principle investigator and takes primary responsibility for the 
paper. SEV, TDG and GJ participated in research design. SEV, MA, DN, JM, 
ETC. and JLA conducted experiments. JC, MV, GLS, CJK contributed new 
reagents or analytic tools. SEV, DN, ETC, JLA, and GJ performed data analysis. 
SEV, YGA, DN, ETC, JLA, SZ, WFL, RJS, TDG and GJ wrote or contributed to 
the writing of the manuscript. All authors read and approved the final 
manuscript. 

Acknowledgements 

The authors would like to thank Dr. Saskia A. Cillessen (Department of 
Pathology), VU University Medical Center, Amsterdam, The Netherlands, for 
critical reading of the manuscript. 

Financial support 

This study is supported by Cancer Center Amsterdam (CCA)/VU- Institute of 
Cancer and Immunology (V-ICI) [Grant 07/36]. Y.G. Assaraf is recipient of an 
Award Visiting Professor Fellowships from the Royal Netherlands Academy of 
Arts and Sciences (KNAW), the Netherlands Organization for Scientific 
Research (NWO), and the Dutch Arthritis Foundation. 

Author details 

department of Rheumatology, VU University Medical Center, Amsterdam, 
The Netherlands. 2 The Fred Wyszkowski Cancer Research Laboratory, Faculty 
of Biology, The Technion-lsrael Institute of Technology, Haifa, Israel, 
department of Hematology, VU University Medical Center, Amsterdam, The 
Netherlands, department of Medical Oncology, VU University Medical 
Center, Amsterdam, The Netherlands, department of Pathology, VU 
University Medical Center, Amsterdam, The Netherlands. 6 Onyx 
Pharmaceuticals, South San Francisco, CA, USA. 



Verbrugge et al. Experimental Hematology & Oncology 2013, 2:2 
http://www.ehoonline.Org/content/2/1/2 



Page 11 of 12 



Received: 4 January 2013 Accepted: 5 January 2013 
Published: 10 January 2013 



References 

1. Maloney DG: Anti-CD20 antibody therapy for B-cell lymphomas. N Engl J 
Med 2012, 366:2008-2016. 

2. Thaunat O, Morelon E, Defrance T: Am"B"valent: anti-CD20 antibodies 
unravel the dual role of B cells in immunopathogenesis. Blood 2010, 

116:515-521. 

3. Dorner T, Kinnman N, Tak PP: Targeting B cells in immune-mediated 
inflammatory disease: a comprehensive review of mechanisms of action 
and identification of biomarkers. Pharmacol Ther 2010, 125:464-475. 

4. Vos K, Thurlings RM, Wijbrandts CA, van Schaardenburg D, Gerlag DM, Tak 
PP: Early effects of rituximab on the synovial cell infiltrate in patients 
with rheumatoid arthritis. Arthritis Rheum 2007, 56:772-778. 

5. Buch MH, Smolen JS, Betteridge N, Breedveld FC, Burmester G, Dorner T, 
Ferraccioli G, Gottenberg JE, Isaacs J, Kvien TK, Mariette X, Martin-Mo la E, 
Pavelka K, Tak PP, van der Heijde D, van Vollenhoven RF, Emery P, 
Rituximab Consensus Expert Committee: Updated consensus statement 
on the use of rituximab in patients with rheumatoid arthritis. Ann Rheum 
Dis 2011, 70:909-920. 

6. Vital EM, Dass S, Buch MH, Henshaw K, Pease CT, Martin MF, Ponchel F, 
Rawstron AC, Emery P: B cell biomarkers of rituximab responses in 
systemic lupus erythematosus. Arthritis Rheum 201 1, 63:3038-3047. 

7. Rezvani AR, Maloney DG: Rituximab resistance. Best Pract Res Clin Haematol 
2011,24:203-216. 

8. Czuczman MS, Olejniczak S, Gowda A, Kotowski A, Binder A, Kaur H, Knight 
J, Starostik P, Deans J, Hernandez-llizaliturri FJ: Acquirement of rituximab 
resistance in lymphoma cell lines is associated with both global CD20 
gene and protein down-regulation regulated at the pretranscriptional 
and posttranscriptional levels. Clin Cancer Res 2008, 14:1561-1570. 

9. Tsai PC, Hernandez-llizaliturri FJ, Bangia N, Olejniczak SH, Czuczman MS: 
Regulation of CD20 in rituximab-resistant cell lines and B-cell non- 
Hodgkin lymphoma. Clin Cancer Res 2012, 18:1039-1050. 

10. Moreau P, Richardson PG, Cavo M, Orlowski RZ, San Miguel JF, Palumbo A, 
Harousseau JL: Proteasome inhibitors in multiple myeloma: ten years 
later. Blood 2012, 120:947-959. 

11. Busse A, Kraus M, Na IK, Rietz A, Scheibenbogen C, Driessen C, Blau IW, Thiel 
E, Keilholz U: Sensitivity of tumor cells to proteasome inhibitors is 
associated with expression levels and composition of proteasome 
subunits. Cancer 2008, 1 1 2:659-670. 

12. Jazirehi AR, Vega Ml, Bonavida B: Development of rituximab-resistant 
lymphoma clones with altered cell signaling and cross-resistance to 
chemotherapy. Cancer Res 2007, 67:1 270-1 281 . 

13. Dimopoulos MA, Chen C, Kastritis E, Gavriatopoulou M, Treon SP: 
Bortezomib as a treatment option in patients with Waldenstrom 
macroglobulinemia. Clin Lymphoma Myeloma Leuk 2010, 10:1 10-1 17. 

14. Laubach J, Richardson P, Anderson K: Multiple myeloma. Annu Rev Med 
2011,62:249-264. 

15. Perez-Galan P, Dreyling M, Wiestner A: Mantle cell lymphoma: biology, 
pathogenesis, and the molecular basis of treatment in the genomic era. 

Blood 2011, 117:26-38. 

16. Kastritis E, Terpos E, Dimopoulos MA: Emerging drugs for Waldenstrom's 
macroglobulinemia. Expert Opin Emerg Drugs 201 1, 16:45-57. 

17. Ghobrial IM, Xie W, Padmanabhan S, Badros A, Rourke M, Leduc R, Chuma 
S, Kunsman J, Warren D, Poon, Harris B, Sam A, Anderson KC, Richardson 
PG, Treon SP, Weller E, Matous J: Phase II trial of weekly bortezomib in 
combination with rituximab in untreated patients with Waldenstrom 
Macroglobulinemia. Am J Hematol 2010, 85:670-674. 

18. Elliott PJ, Zollner TM, Boehncke WH: Proteasome inhibition: a new anti- 
inflammatory strategy. J Mol Med (Berl) 2003, 81 :235-245. 

19. Colmegna I, Sainz B Jr, Garry RF, Espinoza LR: The proteasome and its 
implications in rheumatology. J Rheumatol 2005, 32:1 192-1 198. 

20. Muchamuel T, Basler M, Aujay MA, Suzuki E, Kalim KW, Lauer C, Sylvain C, 
Ring ER, Shields J, Jiang J, Shwonek P, Parlati F, Demo SD, Bennett MK, Kirk 
CJ, Groettrup M: A selective inhibitor of the immunoproteasome subunit 
LMP7 blocks cytokine production and attenuates progression of 
experimental arthritis. Nat Med 2009, 15:781-787. 

21. Lee SW, Kim JH, Park YB, Lee SK: Bortezomib attenuates murine collagen- 
induced arthritis. Ann Rheum Dis 2009, 68:1761-1767. 



22. Neubert K, Meister S, Moser K, Weisel F, Maseda D, Amann K, Wiethe C, 
Winkler TH, Kalden JR, Manz RA, Voll RE: The proteasome inhibitor 
bortezomib depletes plasma cells and protects mice with lupus-like 
disease from nephritis. Nat Med 2008, 14:748-755. 

23. Orlowski RZ, Kuhn DJ: Proteasome inhibitors in cancer therapy: lessons 
from the first decade. Clin Cancer Res 2008, 14:1649-1657. 

24. Hershko A, Ciechanover A: The ubiquitin system. Annu Rev Biochem 1998, 
67:425-479. 

25. Karin M, Ben-Neriah Y: Phosphorylation meets ubiquitination: the control 
of NF-[kappa]B activity. Annu Rev Immunol 2000, 18:621-663. 

26. van der Heijden JW, Oerlemans R, Lems WF, Scheper RJ, Dijkmans BA, 
Jansen G: The proteasome inhibitor bortezomib inhibits the release of 
NFkappaB-inducible cytokines and induces apoptosis of activated T 
cells from rheumatoid arthritis patients. Clin Exp Rheumatol 2009, 
27:92-98. 

27. Kisselev AF, Callard A, Goldberg AL: Importance of the different proteolytic 
sites of the proteasome and the efficacy of inhibitors varies with the 
protein substrate. J Biol Chem 2006, 281:8582-8590. 

28. Kisselev AF, van der Linden WA, Overkleeft HS: Proteasome inhibitors: an 
expanding army attacking a unique target. Chem Biol 2012, 19:99-1 15. 

29. Huber EM, Basler M, Schwab R, Heinemeyer W, Kirk CJ, Groettrup M, Groll M: 
Immuno- and constitutive proteasome crystal structures reveal 
differences in substrate and inhibitor specificity. Cell 2012, 148:727-738. 

30. Groettrup M, Kirk CJ, Basler M: Proteasomes in immune cells: more than 
peptide producers? Nat Rev Immunol 2010, 10:73-78. 

31. Borissenko L, Groll M: 20S proteasome and its inhibitors: crystallographic 
knowledge for drug development. Chem Rev 2007, 107:687-717. 

32. Moore BS, Eustaquio AS, McGlinchey RP: Advances in and applications of 
proteasome inhibitors. Curr Opin Chem Biol 2008, 12:434-440. 

33. Parlati F, Lee SJ, Aujay M, Suzuki E, Levitsky K, Lorens JB, Micklem DR, Ruurs 
P, Sylvain C, Lu Y, Shenk KD, Bennett MK: Carfilzomib can induce tumor 
cell death through selective inhibition of the chymotrypsin-like activity 
of the proteasome. Blood 2009, 1 14:3439-3447. 

34. Sacco A, Aujay M, Morgan B, Azab AK, Maiso P, Liu Y, Zhang Y, Azab F, Ngo 
HT, Issa G, Quang P, Roccaro AM, Ghobrial IM: Carfilzomib-dependent 
selective inhibition of the chymotrypsin-like activity of the proteasome 
leads to antitumor activity in Waldenstrom's Macroglobulinemia. Clin 
Cancer Res 2011, 17:1753-1764. 

35. Demo SD, Kirk CJ, Aujay MA, Buchholz TJ, Dajee M, Ho MN, Jiang J, 
Laidig GJ, Lewis ER, Parlati F, Shenk KD, Smyth MS, Sun CM, Vallone MK, 
Woo TM, Molineaux CJ, Bennett MK: Antitumor activity of PR-171, 

a novel irreversible inhibitor of the proteasome. Cancer Res 2007, 
67:6383-6391. 

36. van der Heijden JW, Dijkmans BA, Scheper RJ, Jansen G: Drug Insight: 
resistance to methotrexate and other disease-modifying antirheumatic 
drugs-from bench to bedside. Nat Clin Pract Rheumatol 2007, 3:26-34. 

37. Kumar SK, Lee JH, Lahuerta JJ, Morgan G, Richardson PG, Crowley J, Haessler 
J, Feather J, Hoering A, Moreau P, LeLeu X, Hulin C, Klein SK, Sonneveld P, 
Siegel D, Blade J, Goldschmidt H, Jagannath S, Miguel JS, Orlowski R, 
Palumbo A, Sezer O, Rajkumar SV, Durie BG, International Myeloma Working 
Group: Risk of progression and survival in multiple myeloma relapsing 
after therapy with IMiDs and bortezomib: a multicenter international 
myeloma working group study. Leukemia 2012, 26:149-157. 

38. Oerlemans R, Franke NE, Assaraf YG, Cloos J, van Zantwijk I, Berkers CR, Scheffer 
GL, Debipersad K, Vojtekova K, Lemos, van der Heijden JW, Ylstra B, Peters GJ, 
Kaspers GL, Dijkmans BA, Scheper RJ, Jansen G: Molecular basis of 
bortezomib resistance: proteasome subunit beta5 (PSMB5) gene mutation 
and overexpression of PSMB5 protein. Blood 2008, 1 1 2:2489-2499. 

39. Lu S, Yang J, Chen Z, Gong S, Zhou H, Xu X, Wang J: Different mutants of 
PSMB5 confer varying bortezomib resistance in T lymphoblastic 
lymphoma/leukemia cells derived from the Jurkat cell line. Exp Hematol 
2009, 37:831-837. 

40. Ri M, lida S, Nakashima T, Miyazaki H, Mori F, Ito A, Inagaki A, Kusumoto S, 
Ishida T, Komatsu H, Shiotsu Y, Ueda R: Bortezomib-resistant myeloma cell 
lines: a role for mutated PSMB5 in preventing the accumulation of 
unfolded proteins and fatal ER stress. Leukemia 2010, 24:1506-1512. 

41. Franke NE, Niewerth D, Assaraf YG, van Meerloo J, Vojtekova K, van Zantwijk 
CH, Zweegman S, Chan ET, Kirk CJ, Geerke DP, Schimmer AD, Kaspers GJ, 
Jansen G, Cloos J: Impaired bortezomib binding to mutant beta5 subunit 
of the proteasome is the underlying basis for bortezomib resistance in 
leukemia cells. Leukemia 2012, 26:757-768. 



Verbrugge et al. Experimental Hematology & Oncology 2013, 2:2 
http://www.ehoonline.Org/content/2/1/2 



Page 12 of 12 



42. 



43. 



44. 



45. 



47. 



49. 



50. 



51. 



52. 



53. 



54. 



55. 



56. 



Zehn D, Cohen CJ, Reiter Y, Walden P: Efficiency of peptide presentation 
by dendritic cells compared with other cell types: implications for cross- 
priming. Int Immunol 2006, 18:1647-1654. 

Browning JL: B cells move to centre stage: novel opportunities for 
autoimmune disease treatment. Nat Rev Drug Discov 2006, 5:564-576. 
Lang VR, Mielenz D, Neubert K, Bohm C, Schett G, Jack HM, Voll RE, Meister 
S: The early marginal zone B cell-initiated T-independent type 2 
response resists the proteasome inhibitor bortezomib. J Immunol 2010, 
185:5637-5647. 

Del Nagro CJ, Otero DC, Anzelon AN, Omori SA, Kolla RV, Rickert RC: CD19 
function in central and peripheral B-cell development. Immunol Res 2005, 
31:119-131. 

Bil J, Winiarska M, Nowis D, Bojarczuk K, browska-lwanicka A, Basak GW, 
Sulek K, Jakobisiak M, Golab J: Bortezomib modulates surface CD20 in 
B-cell malignancies and affects rituximab-mediated complement- 
dependent cytotoxicity. Blood 2010, 1 15:3745-3755. 
Griffioen M, van Egmond EH, Kester MG, Willemze R, Falkenburg JH, 
Heemskerk MH: Retroviral transfer of human CD20 as a suicide gene for 
adoptive T-cell therapy. Haematologica 2009, 94:1316-1320. 
Mclnnes IB, Schett G: The pathogenesis of rheumatoid arthritis. N Engl J 
Med 2011,365:2205-2219. 

de Wilt LH, Jansen G, Assaraf YG, van MJ, Cloos J, Schimmer AD, Chan ET, 
Kirk CJ, Peters GJ, Kruyt FA: Proteasome-based mechanisms of intrinsic 
and acquired bortezomib resistance in non-small cell lung cancer. 

Biochem Pharmacol 2012, 83:207-217. 

Groll M, Berkers CR, Ploegh HL, Ovaa H: Crystal structure of the boronic 
acid-based proteasome inhibitor bortezomib in complex with the yeast 
20S proteasome. Structure 2006, 14:451-456. 

Kale AJ, McGlinchey RP, Lechner A, Moore BS: Bacterial self-resistance to 
the natural proteasome inhibitor salinosporamide A. ACS Chem Biol 201 1, 
6:1257-1264. 

Verbrugge SE, Assaraf YG, Dijkmans BA, Scheffer GL, Al M, den Uyl D, 
Oerlemans R, Chan ET, Kirk CJ, Peters GJ, van der Heijden JW, de Gruijl TD, 
Scheper RJ, Jansen G: Inactivating PSMB5 mutations and P-glycoprotein 
(MDR1/ ABCB1) mediate resistance to proteasome inhibitors: ex vivo 
efficacy of (immuno) proteasome inhibitors in mononuclear blood cells 
from rheumatoid arthritis patients. J Pharmacol Exp Ther 2012, 341 (1):1 74-82. 
Chauhan D, Singh AV, Aujay M, Kirk CJ, Bandi M, Ciccarelli B, Raje N, 
Richardson P, Anderson KC: A novel orally active proteasome inhibitor 
ONX 0912 triggers in vitro and in vivo cytotoxicity in multiple myeloma. 
Blood 2010, 116:4906-4915. 

Alsina M, Trudel S, Furman RR, Rosen PJ, O'Connor OA, Comenzo RL, Wong 
A, Kunkel LA, Molineaux CJ, Goy A: A phase i single-agent study of twice- 
weekly consecutive-day dosing of the proteasome inhibitor carfilzomib 
in patients with relapsed or refractory multiple myeloma or lymphoma. 

Clin Cancer Res 2012, 18:4830-4840. 

Miyauchi K, Urano E, Yoshiyama H, Komano J: Cytokine signatures of 
transformed B cells with distinct Epstein-Barr virus latencies as a potential 
diagnostic tool for B cell lymphoma. Cancer Sci 201 1 , 1 02:1 236-1 241 . 
Landowski TH, Megli CJ, Nullmeyer KD, Lynch RM, Dorr RT: Mitochondrial- 
mediated disregulation of Ca2+ is a critical determinant of Velcade 
(PS-341 /bortezomib) cytotoxicity in myeloma cell lines. Cancer Res 2005, 
65:3828-3836. 



doi:1 0.1 186/2162-3619-2-2 

Cite this article as: Verbrugge et al.: Overcoming bortezomib resistance 
in human B cells by anti-CD20/rituximab-mediated complement- 
dependent cytotoxicity and epoxyketone-based irreversible proteasome 
inhibitors. Experimental Hematology & Oncology 201 3 2:2. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



